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The interplay between superconductivity and Eu 2+ magnetic moments in EuFe2(As :L _ :E P a; )2 is 
studied by electrical resistivity measurements under hydrostatic pressure on x — 0.13 and x — 0.18 
single crystals. We can map hydrostatic pressure to chemical pressure x and show, that super- 
conductivity is confined to a very narrow range 0.18 < x < 0.23 in the phase diagram, beyond 
which ferromagnetic (FM) Eu ordering suppresses superconductivity. The change from antiferro- 
to FM Eu ordering at the latter concentration coincides with a Lifshitz transition and the complete 
depression of iron magnetic order. 



After the discovery of high-T c superconductivity in 
iron-based materials^ tremendous amount of research 
has been performed on its propertiesPtH Following the 
discovery in LaFeAs(0,F) with T c — 26 Kpl supercon- 
ductivity was found in many materials with related crys- 
tal structures, that commonly possess iron-pnictide or 
iron-chalcogenide layers. Like in the cuprates and heavy 
fermion metals superconductivity of the iron-based com- 
pounds has an intimate relation to magnetism. The max- 
imal T c is found in the vicinity of the extrapolated point 
where spin-density-wave (SDW) order of the Fe 3d mag- 
netic moment is suppressed by pressure or doping. 

The AFe 2 As 2 (A=Ba, Sr, Ca or Eu) ("122") systems 
are prototype iron pnictide materials, since clean, large 
and homogeneous single crystals are available and var- 
ious ways of tuning towards SC have been reported! 2 ^ 
EuFe2As2 is unique among them because it caries a lo- 
cal magnetic moment due to the divalent Eu atoms. It 
exhibits a combined transition of structural and SDW 
order of Fe magnetic moments at T = 190 K and sub- 
sequently Eu 4f moments order below Tn = 19 K into 
a canted antiferromagnetic (AF) stateP^l This state is 
characterized by a ferromagnetic (FM) alignment of the 
moments along the orthorhombic a-axis with AF cou- 
pling along cP Interestingly, the magnetic susceptibility 
above Tn, which is dominated by the fluctuating Eu 2+ 
moments, displays a Curie- Weiss law, \ = Xo+C /(T — 6), 
with positive Weiss temperature, 9 ~ 20 K, despite the 
AF ground stateP^ Indeed, the AF ground state could 
easily be switched to a FM state in small in-plane fields 
of order 1 TP These observations suggest that the Eu- 
system is close to a FM instability. Either the appli- 
cation of hydrostatic pressure to EuFe2As2 or the P- 
substitution on the As site in EuFe2(Asi_ a P a: )2, which 
induces chemical pressure, suppress the T transition 
and induce superconductivitypSHIU ^he superconducting 
(SC) transition reaches up to 30 K at the optimum pres- 
sure and P-substitution around 2.8 GPa and x « 0.2, 
respectivelyPHSl The magnetic ordering of Eu moments 
also changes its character as P is substituted. At low x a 
canting of the moments along the c-axis develops, which 
grows with increasing x, giving rise to a FM hysteresis in 
magnetization along the c-axis, while the system still dis- 



plays an AF ground stated At x > 0.23 the Eu ordering 
switches to FM.E] 

One of the important and controversially discussed is- 
sues in EuFe2(Asi_ a; P a ;) 2 is the interplay between su- 
perconductivity and Eu-FM ordering. In the past, Z. 
Ren et al. reported a SC transition at 26 K, followed by 
FM ordering of Eu magnetic moments at 20 K on poly- 
crystalline samples of EuFe2(Aso.7Po.3)2 and discussed 
a bulk coexistence of both phenomena, which would 
have important consequences on the SC order parame- 
ter!^ Subsequent magnetic Compton scattering experi- 
ments on similar polycrystalline material indicated com- 
petition between the two phenomena.^ We have previ- 
ously reported the phase diagram for single crystalline 
EuFe 2 (Asi_ ;E P ;r ) 2 p2 In contrast to the report on poly- 
crystals, we found that single crystals with x > 0.26 
are lacking bulk superconductivity. In this study we 
have carefully investigated the homogeneity of the P 
content by energy dispersive x-ray (EDX) microprobe 
analysis, since already a small inhomogeneity in the P 
content could lead to a seeming coexistence of SC and 
FM order, due to contributions from different volume 
fractions. Thus, any small inhomogeneity or deviation 
between the nominal and actual composition may ex- 
plain the discrepancy to the experiments on polycrystals. 
However, three more recent studies on polycrystals also 
claim a much wider SC region for 0.2 < x < 0.4 and 
concluded a bulk coexistence of superconductivity and 
FM order! 18 " 20 ! Since this issue may sensitively depend 
on inhomogeneities and sample quality which could vary 
with different P-substitutions, we decided to perform de- 
tailed hydrostatic pressure experiments on two selected 
well characterized P-substituted single crystals. 

As shown below, we can perfectly map the hydrostatic 
pressure results to our previously determined phase di- 
agram for single crystalline EuFe2(Asi_ x P x )2- In par- 
ticular, we verify the peculiar extremely narrow exis- 
tence range of bulk superconductivity and its suppres- 
sion at the concentration x — 0.23 for which Eu mag- 
netic order switches to FM. Additionally, we can relate 
this transition to a change of the electronic structure due 
to a Lifshitz transition, that meanwhile has been estab- 
lished by angular-resolved photoemission spectroscopy 



2 



(ARPES), 2 2 as well as thermopower measurements! 
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FIG. 1: (Color online) Electrical resistivity normalized by its 
value at 300 K, p/p300K, for EuFe2(Aso.87Po.i3)2 under hydro- 
static pressure. The inset displays the temperature derivative 
of the resistivity dp/dT vs. T. Arrows indicate T s and Tsdw 
which are determined from the inflection points and minima, 
respectively. 

Single crystals of EuFeg ( As i _ a P a ) 2 were grown by 
the FeAs self-flux method.^ The homogeneity and ac- 
tual composition of the two samples with x — 0.13 and 
x = 0.18 was confirmed within Ax — 0.01 error by EDX 
microprobe analysis on several points of cleaved surfaces. 
Powder X-ray analysis displays a compression of the unit 
cell volume, related to the chemical pressure effect of P 
substitution's] The temperature dependence of the elec- 
trical resistivity under hydrostatic pressure was measured 
by a standard four probe method with the current flowing 
in the tetragonal basal plane. The measurements were 
performed from room temperature down to 4.2 K and un- 
der hydrostatic pressure up to ~ 1.5 GPa by utilizing a 
CuBe piston-cylinder pressure cell. Daphne oil was used 
as pressure transmitting medium. The applied pressure 
was carefully determined by detecting the change of the 
SC phase transition temperature of a piece of Pb, placed 
in the pressure cell. From the observation of a pressure 
independent width of the Pb SC phase transitions, we 
conclude a good hydrostaticity of the pressure. 

We first discuss measurements on a x = 0.13 single 
crystal displayed in Figure 1. The combined transition 
at T Q = 190 K for the pure compound becomes separated 
into two transitions of structural (T s ) and SDW (Tsdw) 
order in P-substituted materials and their separation in- 
creases with increasing P-concentrationPS The temper- 
ature derivative of the electrical resistivity is a sensitive 
probe of the two phase transitions in 122 iron pnictides. 
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FIG. 2: (Color online) Electrical resistivity normalized by its 
value at 250 K, p/p250K, for EuFe2(Aso.82Po.is)2 under hydro- 
static pressure. The two insets enlarge the low temperature 
region. 



As shown e.g. in Ref.^, T s and Tsdw ar e character- 
ized by an inflection point and minimum in dp/dT vs T, 
respectively, compatible with thermodynamic, magnetic 
and structural experiments. The inset of Figure 1 dis- 
plays the resistivity derivative of our data, together with 
arrows at the positions of the inflection points and min- 
ima. The signature of the SDW transition could only 
be resolved up to 0.45 GPa, while a very broadened 
anomaly related to the structural transition is detectable 
until 0.88 GPa. The positions of the so-derived transi- 
tion temperatures in the phase diagram (Fig. 3) are dis- 
cussed later. Around 30 K, a drop is found in p(T), which 
however does not represent bulk superconductivity, since 
it is not accompanied by a MeiBner signal in the mag- 
netic susceptibility. ^ This signature is related to a very 
small SC volume fraction, likely due to some very small 
inhomogeneity, which could not be detected within the 
resolution of X-ray diffraction and EDX. With increas- 
ing pressure, the SC signal is getting more pronounced, 
reaching p = at the highest pressure, indicating an in- 
crease of the SC volume fraction. At low temperatures, 
the resistivity also shows a hump, which is a signature of 
the Eu magnetic ordering. 

We have performed similar hydrostatic pressure exper- 
iments on EuFe2(Aso.82Po.i8)2, cf. Figure 2. This sample 
is a bulk superconductor at ambient pressure, confirmed 
by Meifiner effect and specific heat measurements,^ and 
displays a sharp and complete resistive SC transition 
at 22 K, i.e. slightly below the maximal T c of 30 K 
found previously for a x = 0.2 single crystal.^ Upon 
increasing the hydrostatic pressure, T c does not increase, 
as one might have expected from the phase diagram of 
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FIG. 3: (Color online) Phase diagram of EuFe2(Asi_ x P :l; )2, 
including data points from the previous ambient-pressure 
work (black symbols) and this study (red symbols). The ef- 
fective P-concentration x for the data points from this study 
has been obtained by using the bulk modulus B = 82.9 ± 
1.4 GPa, 25 and the lattice constants of EuFe 2 (Asi_ :c P :E )2! nl 
Lines are guides to the eye. The inset shows the exponent 
n of the temperature dependence of the electrical resistivity 
p = po + AT n as a function of the calculated effective P- 
concentration for EuFe2(Aso.82Po.is)2 under hydrostatic pres- 
sure. It shares the horizontal axis for x of the main panel. 
The exponent n is obtained by fitting the data between 25 
and 100 K. 



EuFe2(Asi_ a; P :c )2!^ Rather the SC transition becomes 
incomplete (cf. the inset), shifts towards lower tempera- 
tures and is suppressed at a pressure of 0.87 GPa. The 
incomplete SC transition also displays a signature at the 
ordering of Eu 2+ local moments. In previous hydrostatic 
pressure experiments on EuFe2As2, similar behavior has 
been found at pressures slightly below or above the pres- 
sure range of bulk superconductivity!^^ The data thus 
indicate, that single crystalline EuFe 2 (Aso.82Po.i8)2 is lo- 
cated just at the border of bulk superconductivity, which 
disappears at very low pressure. 

In order to obtain a quantitative comparison between 
the pressure and P-substitution, we use the bulk mod- 
ulus B = 82.9 ± 1.4 GPa of BaFe 2 As 2 , determined 
in the orthorhombic state at 33 K (RefPSl) and the 
change of the lattice constants in EuFe 2 (Asi_ a; P a ;)2f^' 
Using these data, 0.61 GPa corresponds to 5% of P- 
substitution. Consequently, EuFe 2 (Aso.87Po.i3)2 at a 
pressure of 0.61 GPa corresponds to x — 0.18 at ambi- 
ent pressure. Indeed both data sets display similar cur- 



vature above the SC transition (cf. Figs. 1 and 2), and 
increasing hydrostatic pressure for both concentrations 
leads to a more linear temperature dependence of p(T). 
We fitted the resistivity data between 25 and 100 K to 
a simple power law form p{T) = po + AT n and followed 
the evolution of the resistivity exponent n with pressure 
for the x = 0.18 single crystal, as shown in the inset of 
Fig. 3 (note, that the x-axis has been converted to the P 
content using the above relation). A quasi linear temper- 
ature dependence (n ss 1), highlighting non-Fermi liquid 
behavior, is found for x = 0.18 at 0.54 and 0.87 GPa, 
which corresponds to x = 0.224 and x = 0.25 at ambient 
pressure, respectively. This is compatible with existing 
am bient-pre ssure data on EuFe2(Asi_ 2; P a ;)2 single crys- 
tals) 11 ' 21 ' 23 ' which found n « 1.2 for x = 0.2, n « 1 
for x = 0.23, and n « 1.4 for x — 0.26. The mini- 
mum of n near x — 0.23 is related to a change of the 
electronic structure at the concentration, discussed be- 
low. In addition, beyond this concentration, the previ- 
ous ambient-pressure results have proven the suppression 
of bulk superconductivity (RefP-^), which nicely agrees 
with the similar behavior for x = 0.18 under hydrostatic 
pressure above 0.54 GPa. This indicates an excellent 
agreement between previous ambient-pressure data on 
EuFe 2 (Asi_ a; P l; )2 and the new hydrostatic pressure ex- 
periments on the two selected P substitutions. It also 
confirms, that the narrow existence range of supercon- 
ductivity in this system is not related to disorder intro- 
duced by the P-substitution. Rather it must be related 
to the change of the electronic and crystal structure with 
chemical pressure. 

For the phase diagram, displayed in Figure 3, we have 
plotted the previous ambient-pressure phase transition 
temperatures together with that of our new hydrostatic 
pressure studies, where the pressure has been converted 
to an effective P concentration using the above relation. 
We have determined the SC T c and the magnetic order- 
ing temperature of the Eu 2+ moments from the max- 
ima in the temperature dependences of dp/ dT and p, re- 
spectively. Clearly, superconductivity is suppressed be- 
yond x = 0.23, in perfect agreement with the previous 
studyPS The phase transition temperatures Tsdw an d 
T s , determined for x = 0.13 under hydrostatic pressure, 
are also included to the phase diagram. The extrapo- 
lation of both transition temperatures towards absolute 
zero suggests that their complete suppression happens 
at x > 0.2, i.e. beyond the concentration for which 
T c is maximal. This is corroborated by the evolution 
of the resistivity exponent n(x), which has its minimum 
around x — 0.23. Thus, the optimum concentration for 
superconductivity x = 0.2 is still within the orthorhom- 
bic phase. For BaFe 2 (Asi_ a: P x )2 a much wider SC re- 
gion in t he p hase diagram has been found, also under 
pressure! 26 * 27 1 Typically for 122 pnictide superconductors, 
the SC state is found on both sides of the extrapolated 
QCP where the SDW ordering and structural distor- 
tion vanishP In EuFe2(Asi_ a ,P a; )2, by contrast, super- 
conductivity becomes suppressed at the same concentra- 
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tion x — 0.23, where resistivity and T EP in dicate the 
most drastic non-Fermi liquid behaviors! 21 * 23 ! 

The disappearance of iron SDW order is likely caused 
by a change of the Fermi surface nesting properties de- 
tected by ARPES. 22 A non-rigid band shift evolution 
of the Fermi surface with chemical pressure has been 
found. Importantly, the inner hole-like Fermi surface 
near the T point shrinks to zero at x sa 0.23.^1 In- 
deed, TEP has found indication for a Lifshitz transition 
near this concentration, from a non-monotonic evolu- 
tion of S(x) at constant temperature.^ Such a change 
of the electronic configuration may also influence the 
Eu 2+ magnetic ordering, since density-functional-theory- 
based calculations have found almost similar ground state 
energies for the AF and FM configurations using the 
room-temperature lattice constants in this concentra- 
tion rangePJ] Since the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) exchange coupling between the Eu 2+ local mo- 
ments is oscillatory with the distance, starting with a 
FM coupling at low distances, the general trend towards 
ferromagnetism under chemical pressure is expected. In- 
terestingly, by using a minimal multiband model, it has 
recently been shown that the Fermi surface nesting has 
strong influence on the RKKY interaction. 28 Within the 
SDW phase, the gaping of the Fermi surface induces 
an anisotropy in the RKKY interaction and modifies its 
strength and oscillatory behavior with respect to that in 
the paramagnetic regime. Thus, the suppression of Tsdw 
and T s near x — 0.23 is expected to strongly influence the 
RKKY exchange coupling between the Eu moments and 
likely the coincidence with the change from AF to FM 
order is not accidental. Since superconductivity is sup- 



pressed by ferromagnetism, this also explains the disap- 
pearance of superconductivity at the same concentration. 

To conclude, we have compared the previously deter- 
mined phase diagram for EuFe2(Asi_ ;E P :E )2 with hydro- 
static pressure experiments on two selected x — 0.13 
and x = 0.18 single crystals. Using the reported value 
of the bulk modulus and the measured change of the 
lattice constants with x, we could quantitatively map 
the hydrostatic to the chemical pressure in this system. 
Our pressure experiments confirm the extremely nar- 
row SC dome in this system, which is very differe nt to 
the respective phase diagram for BaFe2(Asi_. z P. z )2, 1 26 1 27 1 
where superconductivity extends over large phase space 
regions. Our results are in clear contrast to previous re- 
ports on th e coexis tence of superconductivity with FM 
Eu ordering! 10 ! 18 ! 19 ! The evolution of the electrical resis- 
tivity exponent n(x) displays a minimum at x = 0.23. 
At this concentration, ARPES and TEP have detected 
a Lifshitz transition! 22 ! 23 ! The change of the electronic 
structure together with the structural change most likely 
modify the Eu-RKKY interaction such that the Eu mag- 
netism switches from AF to FM ordering. Since FM order 
is incompatible with superconductivity, this explains the 
peculiar phase diagram of EuFe2(Asi_ I P 2; )2, where a SC 
phase only exists in a very narrow regime. 
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